The activity of pectin methyltransferases (PMT) from endomembranes of flax cells (Linum usitatissimum L.) was enhanced in the presence of exogenous pectins. The value of optimal pH increased from 5.5 to 7.0 with the degree of methylesterification (DE from 0.00 to 0.50) of pectins. We showed, using size exclusion chromatography, that methylesterification had principally occurred onto exogenous pectins. PMT activity, measured in vitro at pH 7.0 and in the presence of highly methylated pectins, was maximum when tested during the fast growth-phase of cells. In contrast, a major peak occurred at pH 5.5 in the presence of lowmethylated pectins over the maturation phase. Two successive sucrose-gradient centrifugations led to the fractionation of low-density membranes (density 1.08) with PMT activity only detected at pH 5.5 and in the presence of lowmethylated pectins (DE 0.10). On the other hand, membranes of density 1.12-1.14 were enriched in PMT with a maximum of activity that happened at pH 7.0 and in the presence of highly methylated pectins (DE 0.50). These experiments indicated two types of pectin methyltransferase activities. However, their apparent A" m (s) for the donor of methyl, S-adenosyl methionine (about 20 //M), and for the pectic substrate (1 mM galacturonic acid or 0.25 mg ml" 1 ) were similar.
Relationships between the structure of pectins and their localization within the cell-walls and/or the different tissues have often been reported. For example, Goldberg et al. (1986) , while investigating the growth gradient exhibited along the mung bean hypocotyl, observed that (a) highly methylesterified pectins were located throughout the wall of young cells and (b) homogalacturonans were abundant in the cell junctions of mature cells. The authors (Goldberg et al. 1994 ) also showed that highly methylated pectins within the primary cell-wall consisted of complex rhamnogalacturonans containing hairy rhamnogalacturonan-I-likeAbbreviations: EGTA, ethylenebis (oxyethylenenitrilo) tetraacetic acid; DTT, dithiothreitol; DE, degree of esterification; SAM, S-adenosyl-methionine; GS I, ;3-glucan synthase I; PMT, pectin methyltransferase. 1 Author for correspondence. blocks and short homogalacturonan blocks, some being methylesterified and some not. Vian and Roland (1981) indicated specifically-located interactions of pectic acids with cellulose in the epidermal cell walls of the mung bean hypocotyl. In onion, the network of pectic polysaccharides within the primary wall is coextensive with the cellulose/xyloglucan network, although independent of it (McCann and Roberts 1994) . In suspension-cultured cells of carrot, Knox et al. (1990) have localized acid pectins at the interface of cell-wall and plasmalemma. Using ionic images of calcium distribution (Rihouey et al. 1995a ) and direct labelling with gold-coupled endopolygalacturonase (Cabin-Flaman et al. 1993) , we have observed an enrichment of pectic acids in the cell-walls of the epidermal and subepidermal layers of flax hypocotyls. Supportive evidence for the idea of unesterified pectins in epidermal tissue also came from indirect immunofluorescence microscopy of sections of pea (Knox et al. 1990 ). In other respects, pectins in the cellular junctions of phloem-fibre-cells of flax seedlings principally contained acetylated rhamnogalacturonan-I-like polysaccharides (Jauneau et al. 1994 , Rihouey et al. 1995b . Taken together, the results indicate that the organization and structure of pectins are cell-wall domain-specific, tissue-specific and possibly species-specific. Hence, rather than dwell on the wall as a homogeneous matrix, we will focus here on the heterogeneity of pectins and more precisely on the possibility of different pathways for the biosynthesis of pectins.
Suspension-cultured flax cells have been previously shown to be a good model for the study of the pectic metabolism (Schaumann et al. 1993) as well as the cell-wall biosynthesis (Vannier et al. 1992 , 1995 , Bruyant-Vannier et al. 1996 . Pectin methyltransferases are the main enzymes involved in the control of the methylesterification of pectins. Apart from Kauss et al. (1967 Kauss et al. ( , 1969 , Vannier et al. (1992) , Schaumann et al. (1993) and Bruyant-Vannier et al. (1996) , no article has been published to our knowledge on pectin methyltransferases. In this paper, we will first consider the influence of the degree of esterification of exogenous pectic substrates on the activity in vitro. Then, we will examine the variations of these activities over the culture duration. Finally, activity data will be reported after successive subcellular fractionations.
Materials and Methods
Plant material-Suspension-cultured cells of flax (Linum usitatissimum L., cv. Viking) were obtained from hypocotyl-derived calli. They were subcultured every 10 days on Murashige and Skoog (1962) medium that contained 0.75 mg liter" 1 kinetin and 0.25 mg liter"' 2,4-D, as previously described (Schaumann et al. 1993) .
Microsome preparation-Microsomal fractions were prepared at 4°C, as previously described (Vannier et al. 1992) . Briefly, flax cells were filtered through a 30 fxm nylon cloth, plasmolysed for 15 min and ground in a homogenization buffer (50 mM Tris-HCl pH7.5, 12% w/w sucrose, 1 mM ethylenebis-(oxyethylenenitrilo)tetraacetic acid (EGTA), 1 mM dithiothreitol (DTT) and 0.1 mM MgCl 2 ) using a Tenbroeck glass Potter-Elvehjiem homogenizer. The cell homogenate was filtered through 30 txm nylon cloth, and centrifuged at 10,000 xg for 15 min (10,000 rpm, rotor JA 18, Beckman J2-21) and then the supernatant at 180,000 x g for 45 min (45,000 rpm, rotor 70 Ti, Beckman XL-70). All the operations were carried out at 4°C, in less than 2 h. The pellet, generally 10 mg protein resuspended in 1 ml of the same buffer (at pH 7.0 or 5.5), was freeze-thawed (-20°C). It constituted the crude microsomal fraction.
Successive subcellular fractionations-In order to perform a quantitative subcellular fractionation, a crude microsomal fraction (about 60 mg protein in 4 ml of buffer) was layered on the top of a 39 ml discontinuous sucrose gradient (10 ml 22%, 10 ml 30%, 10 ml 40% and 5 ml 48% w/w sucrose, in 50 mM Tris-HCl pH 7.5, 1 mM EGTA, 1 mM DTE, 0.1 mM MgCl 2 ) in quick-seal polyallomer tubes (Beckman, France). After centrifugation at 180,000xg, at 4°C, for 90 min (Beckman XL-70, 45,000 rpm rotor 70Ti), the gradient was aliquoted using a peristaltic pump. The fraction density was determined using a refractometer (Atago, Illuminator, France). The first and last fractions were discarded; the other fractions were tested for protein content, latent inosine diphosphatase, /?-glucan synthase I and pectin methyltransferase activities.
Fractions 1, 7, 8 and 9 containing respectively 3.4, 2.5, 3.4 and 7.7 mg protein adjusted to 34% sucrose (6 ml) were further layered at the bottom of the centrifugation tube; then solutions of 31% (8 ml), 28% (12 ml), 24% (8 ml) and 21% (5 ml) sucrose in the same buffer were successively added. Centrifugation was performed as described above but for 120 min.
Pectic substrates-Commercial pectins (Sigma-Aldrich Chimie, Saint-Quentin-Fallavier, France) (degree of esterification 0.64 i.e. 64% of galacturonic acids being methylesterified) were partially de-esterified (24 h at 4°C) using increasing amounts of sodium hydroxide. After de-esterification, pectins were passed through a proton exchanger (amberlite IR 120-H), neutralized with sodium hydroxide, and freeze dried. The degree of esterification (DE) of the partially deesterified pectins was potentiometrically estimated from 0.10 to 0.50, as previously reported (Goldberg et al. 1986) .
From the values of the degree of esterification (DE), the degree of ionization (a) and the length (b=0.435 nm) of a galacturonic unit (i.e. a galacturonic acid that is esterified or not) taken along the mean axis of the polyanion, the number (X) of ionized acid per galacturonic unit can be estimated to a x (1 -DE) and the mean distance between two charges (b') can be calculated as follows: b'=b/(a x (1 -DE)). Due to the polyelectrolyte character of pectins, only a part of the cations, corresponding to their activity coefficient (y), freely interacts with the negative charges; so the number of effective charge per galacturonic unit Xu = X x y (Demarty et al. 1980 ). According to Manning (1978) , when b' was less than 0.714 nm, a part of the counter ions is condensed on the negative charges borne by pectins, decreasing the activity of the counter-ions. Pectins of low degree of esterification strongly interact with sodium ions, and from Manning (1978) : Ln(y) = -0.5 -Ln(0.714/b'). When b' is larger than 0.714 nm, no condensation of monovalent ions happens. It is always the case, whatever their degree of ionization, with pectins of DE equal to 0.50, and Ln(y)=-0.5x(0.714/b').
Size exclusion chromatography-Size exclusion chromatography of pectins or radioactive products of PMT reaction (see below) was run in 1 M NaCl on a column of Sephacryl S200 (Pharmacia; 300 mm x 16 mm, 25 ml h" 1 ). The eluted polymers were detected by monitoring the absorbance at 214 nm and by measuring the radioactivity.
Pectin methyltransferase assay-Pectin methyltransferase activity test was performed using S-adenosyl-[ When experiments were run as a function of pH or exogenous substrates, because of the low level of methylation observed in preliminary tests, incubations were performed for 16 h. Contamination was prevented by filtering all the solutions.
After reaction, the enzymes were inactivated by addition of ethanol up to 70% (v/v, 80°C, 10 min). After precipitation of the reaction products in ethanol, the mixture was centrifuged (4,000 x g) and the pellet was washed with 1 M NaCl in ethanol 70% (until radioactivity in washing solution was down to the background value), in order to eliminate contaminating SAM electrostatically interacting with pectins. Then, the methylated polymers were selectively extracted with 0.5% ammonium oxalate (3 times at 80°C for 10 min) and immersed in scintillation liquid (Lumasafe plus, Lumac, The Netherlands). It has been previously shown (Kauss et al. 1969 , Vannier et al. 1992 ) that ammonium oxalate specifically extracts pectic components. Hence, non specific reactions (for example methylation onto hemicellulosic components) were not considered.
Endomembrane marker assays-The endomembrane system of flax has been previously described using the usual membrane markers (Vannier et al. 1992) . In the present study, /S-glucan synthase I (GS I) and latent inosine diphosphatase (IDPase) activities were used as Golgi membrane markers. IDPase activity (using fractions stored 3 days at 4°C) was assayed by spectrophotometric determination of Pj released from inosine diphosphate (Hall and Moore 1988) . Reaction mixture contained 50 fig protein (in 500//I final volume), 3 mM IDP as sodium salt, 1 mM MgSO 4 in 50 mM Tris-HCl buffer, pH 7.5. The reaction was performed 30 min at 36°C and stopped by the addition of 2 ml color reagent (1 v 1% of w/v ascorbic acid and 1 v of 1% w/v ammonium heptamolybdate in 1 M H 2 SO 4 ). After 30 min at 25°C, IDPase activity was meas-ured at 820 mm. Besides, GSI reaction mixture contained 5 (second ultracentrifugation) to 50 /jg protein, 20 mM MgCl 2 , 4 mM EDTA, 1 mM DTE, 5 mM cellobiose, 1 /xM UDP-glucose spiked with 1.85 kBq UDP-D-[ l4 C]glucose in 80 mM Tris-HCl pH 8.0 (500/il final volume). Incubations were run for 60min at 25°C and stopped by boiling for 5 to 10 min. Reaction products were precipited by the addition of 10 mM MgCl 2 and 1 mg cellulose in 3 ml ethanol and stored overnight at 4°C. Products were collected on glass fibre filtres (GF/C Whatman, France), washed 3 times with ethanol, dried and immersed in scintillation liquid (Lumasafe L, Lumac, The Netherlands).
The radioactivity was measured in a Tricarb 2250 CA Packard scintillation counter. Background determinations were performed for each assay, using boiled aliquots of microsomes.
Protein assay-Protein was assayed with the Biorad protein assay dye reagent as recommended by the suppliers (Biorad, France). BSA was used as standard.
Results
Pecticpolysaccharides-The comparison of size exclusion chromatographies on Sephacryl S200 of low-and highly methylated pectins (DE 0.50 and 0.10) indicates that a saponification treatment also induced a depolymerisation, most probably due to ^-elimination (Fig. 1A) . Highly methylated pectins eluted between kav 0.11 and 0.28 which corresponded to a molecular-mass range of 30 to 60,000, according to Hourdet and Muller (1987) . Low-methylated pectins contained additional low-molecular-mass oligouronides (5,000-10,000), eluting between kav 0.6 and 0.75. Figure IB shows an example of the titration curves of pectins of various DE, taken at the same mass concentration. It can be observed that, at a given pH, the degree of ionization (a) of pectins increased with the DE. At pH 5.5, a varied from 0.75 to 0.90 while it fluctuated between 0.98 and 0.99 at pH 7.0. Hence at pH 7.0, the number of charge per sugar (X) decreased, principally due to the DE of galacturonic acid (Fig. 1C) . At pH 5.5, X depended not only on the DE but also on the degree of ionization. Due to the polyelectrolyte character of pectins, the activity of sodium counter-ions strongly decreases when X increases (Manning 1978) and we calculated that the number of effective charge (Xu) per sugar did not vary much (Xu=0.31-0.37) whatever the DE and the pH. In other words, about two thirds of galacturonic units could not be seen as acids either due to the reduction of the electrostatic interactions between acids and sodium counter-ions or due to the methylesterification. The number of effective charge per galacturonic unit Xu corresponded to X x y, y being the activity coefficient of the counter ion Na + Pectins of various degrees of esterification were prepared from commercial pectins using increasing amounts of NaOH as described in Methods. Experiments were performed as described in Methods using 500 /jg protein from freeze-thawed microsomes, 2 /JM SAM and 0.2% final concentration of exogenous substrate when needed. The results of PMT activity are given in dpm and correspond to the average of 3 independent experiments; the standard deviation was less than 15%. DE: Degree of esterification of pectins.° indicates the optimal pH of PMT activity. It can be noted that optimal pH increases with DE.
Effect of pH and substrates on pectin methyltransferase activity-Pectin methyltransferase (PMT) activity from freeze-thawed microsomes was measured at different pH (from 5.0 to 8.0) using pectins with an increasing degree of esterification (DE 0.00 to 0.50- Table 1 ). As previously described (Vannier et al. 1992) , PMT activity, measured without an exogenous substrate, was maximum at neutral pH, the methyl transfer occurring onto endogenous pectic polymers.
When exogenous pectic substrates were added, the activity was stimulated (up to 11 times). The stimulation was low at neutral pH, and more intense at acidic pH especially in the presence of low-methylated pectins (DE: 0.10). Surprinsingly, the stimulation (at pH 5.5) was not as high in the presence of polygalacturonic acid, the pectic substrate that has generally been used (Kauss et al. 1967 , 1969 , Vannier et al. 1992 , Bruyant-Vannier et al. 1996 . Altogether, the results indicate that the optimal apparent pH of PMT activity increased with the degree of esterification of exogenous pectins.
Hence, in the following experiments, PMT activity at pH 7.0 will be estimated in the presence of highly methylated pectins (DE: 0.50), while the activity at pH 5.5 will be measured with low-methylated exogenous-pectins (DE: 0.10).
Exogenous pectins: acceptors of methyl from SAMIn order to check wether PMTs of flax cells were able to catalyse the transfer of methyl from SAM onto exogenous pectins, the radioactive products of reaction were submitted to size exclusion chromatography on Sephacryl S-200. In the absence of an exogenous substrate, the radioactivity was under the detection limit whatever the incubation pH, which might be explained by a high dilution of the endogenous substrate during the PMT-solubilization procedure. When highly methylated pectins had been incubated with solubilized PMT and radioactive SAM, the radioactivity incorporated into methylated products eluted between Kav 0.1 and 0.3, i.e. in fractions that contained highly methylated pectins ( Fig. 2A) . At pH 5.5, additional Fig. 2 Size exclusion chromatography of radioactive products after reaction with pectin methyltransferases solubilized from freeze-thawed microsomes with Triton X100. A. At pH 7.0, in the presence of highly methylated pectins. B. At pH 5.5, in the presence of low-methylated pectins. Bars represented radioactivity incorporated into the reaction products, while curves recorded the absorbance at 214 nm. Mass of fresh cells, protein, and PMT activity were calculated per one flask. PMT, PMT5 and PMT7 represent the activity (1) without exogenous substrate, (2) at pH 5.5 with low-methylated pectins and (3) at pH 7.0 with highly methylated pectins, respectively. radioactivity eluted at Kav 0.5 to 0.7, in fractions that comprised low-methylated oligo-uronides (Fig. 2B) . A similar ratio between absorbance and radioactivity was observed in both peaks, indicating no influence of the difference in molecular size of pectins on the PMT reaction, at pH 5.5. Hence, in both experiments where exogenous pectins had been added, radioactivity coeluted with pectins, showing that highly methylated pectins acted as methyl acceptors at Fraction Number Fig. 3 Characterization of endomembranes after isopicnic ultracentrifugation of freeze-thawed microsomes of flax cells onto discontinuous sucrose gradient. A. GS I (dpm) and IDPase (AU: /*mol of Pj h -I (mg protein)" 1 ) activities. B. Protein (mg). C. PMT activity at pH 7 with " i or without • highly methylated pectins. D. PMT activity at pH 5.5 with I B or without • low-methylated pectins. Pectin methyltransferase activity (PMT) was measured as described in Methods. The results afe given in dpm. About 60 mg protein were layered on the top of a discontinuous sucrose gradient Ultracentrifugation was run at 180,000 xg, at 4°C for 90min. pH 7.0, while low-methylated pectins were methyl acceptors at pH 5.5. In the following, these activities will be named PMT7 and PMT5.
Activity over the culture duration-As previously described (Schaumann et al. 1993) , the suspension culture of flax cells, that was used for the present study, comprised a short lag-phase, followed by a fast growth-phase between the second and the fifth day with a slope of 6 g of cells per day, and a stationary phase which led to a final production of 50 g of cells per flask (Table 2) . When no exogenous substrate had been added, the rate of methylesterification was estimated between 7,000 to 63,000 dpm per flask of cells with slight maxima at pH 7.0 during the fast growth-phase, and at pH 5.5 during the stationary phase.The activity pattern of PMT7 appeared similar to that observed without exogenous substrate at pH 7.0, although at a higher level (1.5 to 2 times). The maximum activity was about 2,515 dpm (mg protein)" 1 and 2,765 dpm (g fr cells)" 1 . When lowmethylated pectins had been added to the reaction medium at pH 5.5, the activity was increased 3.5 to 12.5 times and more especially over the maturation phase between days 7 and 12. The maximum PMT5 activity was about 12,000 dpm (mg protein)" 1 and 10,000 dpm (g fr cells)" 1 . Whatever the day of culture, PMT5 activity from flax microsomes was larger than that of PMT7; their ratio might be estimated between 1.9 at day 6 to 8.2 at day 10.
Distribution of PMT along the density gradient of endomembranes-A "preparative" ultracentrifugation onto a discontinuous sucrose gradient was performed using freeze-thawed microsomes. Fractions enriched in PMT activity (Fig. 3C, D) also contained the maximum activities of latent IDPase (Fig. 3A) . Although the GS I-activity profile was more complex (Fig. 3A) , its maxima were also frequently associated with IDPase and PMT activity-maxima. The protein level (Fig. 3B) was maximum in fraction 9 (density 1.12-1.14) which also contained high levels of PMT, IDPase and GS I activities.
At pH 7, when exogenous pectins had been added Fraction density
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Fraction density Fig. 4 Pectin methyltransferase and GS I activities along the density gradient after a second isopicnic ultracentrifugation. A. Fraction 1 of the first ultracentrifugation ( Fig. 3 ; lowest density :1.07). B. Fraction 7 of the first ultracentrifugation ( Fig. 3 ; density 1.13). C. Fraction 8 of the first ultracentrifugation ( Fig. 3 ; density 1.14). D. Fraction 9 of the first ultracentrifugation ( Fig. 3 ; density 1.16). GS I and PMT activities (dpm) were estimated as described in methods. Fractions 1,7,8 and 9 (see Fig. 4 ) containing respectively 3.4, 2.5, 3.4 and 7.7 mg protein adjusted to 34% sucrose (6 ml) were further layered at the bottom of the centrifugation tube; then solutions of 31% (8 ml), 28% (12 ml), 24% (8 ml) and 21% (5 ml) sucrose in the same buffer were successively added. Ultracentrifugation was performed at 180,000xj, at 4°C for 120 min.
( Fig. 3C ), PMT7 activity was stimulated whatever the membrane density, and more particularly (more than 10 times) in membranes of density 1.12 to 1.14. This increase was larger than that observed with microsomes without fractionation (see Table 1 ). The maximum activity was about 20,000 dpm (mg protein)" 1 . After a second isopicnic centrifugation, most PMT7 activity was recovered, from fractions 8 and 9, between densities 1.12 and 1.13 (Fig. 4C, D) . The maximum activity was estimated to be 100,000 dpm mg"
1 . Some PMT7 activity (up to 300,000 dpm mg" 1 was also detected at density 1.10. Low levels of PMT7 activity were recovered from the 2 other gradients (Fig.4A, B) . Most importantly, no PMT7 activity could be detected in fractions of density below 1.09.
In the presence of low-methylated pectins, PMT5 activity was stimulated not only at densities 1.12-1.14, but also in lower density membranes (density 1.08-1.11) (Fig. 3D) . The maximum activity, of about 8,000 dpm (mg protein)" 1 , was observed for the density range 1.12-1.14. The second isopicnic ultra-centrifugation evidenced two major activities at pH 5.5, associated with membranes of extreme densities, (i) between 1.12 and 1.14 ( Fig.4C, D) mainly originating from fractions 8 and 9, and (ii) in a lower range of densities around 1.08 (Fig. 4B) . Interestingly, the last activities were associated with very low levels of protein so that very high specific activities were estimated (up to 5 10 8 dpm (mg protein)" 1 . Two other minor activities were associated with low amounts of protein in membranes of intermediate densities between 1.10 and 1.11 (Fig. 4B ) and between 1.11 and 1.12 (Fig.4C) .
Altogether, the two successive ultracentrifugations led to the fractionation of low-density membranes containing only PMT5 activity. On the other hand, membranes of larger density (1.12-1.14) contained most PMT7. In these fractions, the ratio PMT7 to PMT5 varied from 3 to 10.
Affinity of PMT-It has been shown (Bruyant- Vannier et al. 1996) that flax PMT had a very high affinity for the methyl-donor i.e. SAM (K m : 20 to 0.1 pM. depending on the purification factor) and to a lesser extent for polygalacturonate pectic substrate (K m : 2.5-3.5 mM). In the present study, preliminary assays were performed for 1 h at pH 5.5 and 7.0 with freeze-thawed microsomes in the presence of low or highly methylated pectins and yielded an apparent K m of 20//M, whatever the pH and the pectic acceptor. On the other hand, when SAM concentration was kept constant at a saturating level (40 fiM), an apparent K m of 1 to 3 mM was estimated as a function of the concentration of pectins. Altogether, the results indicate that the affinity of the PMT complex still embedded in microsomes was two orders of magnitude larger for the methyldonor SAM than for the pectic substrate. In addition, there would be no significant difference in affinity for the pectic substrates of varying degrees of esterification.
Discussion
In this paper, we have reported a significant increase of PMT activity in flax microsomes when exogenous substrates had been added. Moreover, it has been shown that these activity increases were due to methyl transfers mainly onto highly-methylated pectins when the reaction had run at neutral pH, and onto low-methylated pectins at acidic pH. The weaker stimulation observed in the presence of polygalacturonic acid compared to low methylated pectins might be explained by a reduction in the mobility of the enzyme as suggested by Lineweaver and Ballou (1945) for other pectic enzymes which could form inactive complex with pectate. More generally, we observed that the optimal pH increased with the degree of esterification. The first part of the discussion questions whether the physicochemical environment of the enzymes might be responsible for such variations of the activity. In the second part, we examine the possibility of several forms of PMT protein in flax microsomes. Lastly, a relationship with plant physiology is hypothesized.
Influence of physicochemical environment on the PMT activity-In most experiments, PMT proteins were partially embedded in microsomal membranes and, depending on the fractionation steps, we observed inverse ratios of PMT5/PMT7. No significant loss of PMT5 being noted after two ultracentrifugations, the difference might originate from some stimulating effect of the physicochemical environment (sucrose percentage, stacked/unstacked membranes,...) on PMT7 activity. Alternatively, the difference in molecular size of pectins might influence the PMT reaction. Low molecular-mass polymers might diffuse more easily towards the enzymes, especially when deeply embedded in membranes.
Also, pectins, the acceptors of methyl, are negatively charged polyelectrolytes and pectin-methyltransferase pi has been estimated in the range of 6.5-8.5 (Bruyant- Vannier et al. 1996) ; thus, most of the microsomal pectin methyltransferases were positively charged when the pH of the incubation medium was varying from 5 to 7. Consequently, as suggested by Lineweaver and Ballou (1945) to explain the behaviour of pectin methylesterase, the mobility and the activity of PMT might depend on the behaviour of the polyanionic substrates. In addition, SAM, the universal donor of methyl is also positively charged and might interact with the enzymes but also with the ionized carboxylic groups of pectins. Versteeg (1979) found that citrus esterase had a higher affinity to pectic substrates with low degrees of esterification; from his study, it appeared that logO/Am) was linearly related to log(% free carboxyl groups in the substrate). In the case of flax PMT, there was no significant difference in affinity for the pectic substrates of varying degrees of esterification. One hypothesis deals with the expression of the affinity in terms of effective free charges (Xu) which did not vary much with the reaction pH and degree of esterification of pectins. Nevertheless, PMT proteins were not purified, leading to the possibility of a mixture of several isoforms with a mean apparent affinity. The presence of several isoforms to explain this behaviour of flax PMT is discussed in the following second part.
Occurrence of several isoforms in the PMT activityFrom the results reported in this paper which show that the optimal activity of PMT did not occur on the same days, it might be suggested that the activities at pH 5.5 and pH 7 were not borne by the same proteins. Moreover, our data indicate that after two isopicnic ultra-centrifugations, only PMT5 was detected in low-density membranes, which reinforces the hypothesis of different PMT5/PMT7 proteins. We do not know the origin of such low-density membranes. They might originate from endoplasmic reticulum and/or Golgi vesicules (Gibeaut and Carpita 1990) . It might also be suggested that PMT5 was fairly soluble. Nevertheless, no soluble activity was found in the ultracentrifugation supernatants. PMT7 were mostly associated with membranes of larger densities (1.12-1.14). Using markers, Vannier et al. (1992) indicated that these membranes were enriched in Golgi apparatus. Moreover, Moore and Staehelin (1988) and Zhang and Staehelin (1992) localized highly methylated pectins in median Golgi. Hence, we suggest that Golgi membranes of flax cells were quite enriched in PMT7.
Very few data are available on PMT proteins, most probably owing to the difficulty of the solubilization step and the risk of loss of activity (Hanna et al. 1991, Rodgers and Bolwell 1992) . Preliminary assays for the solubilization of PMT proteins have been successfully performed in the presence of Triton X-100, and the enzymes of flax cells responsible for the transfer of a methyl group onto PGA were partially characterized (Bruyant-Vannier et al. 1996) . The authors showed that PMT activity in flax cells was borne by two main forms: (1) a basic form whose isofocalisation occurred in the range of pH 8-8.5 and (2) a neutral form in the range of pH 6.5-7.5. Further experiments are needed to obtain the two purified active forms of PMT and test which forms are responsible for the PMT7 and PMT5 activities. Also, it would be interesting to know the origin of the low density membranes to learn more about the processing of PMT proteins along the endomembrane system.
Relationship with physiology- Schaumann et al. (1993) reported that in suspension-cultured cells of flax, both low and highly methylated pectins were continuously synthesized but in a ratio which increased from 1.6 to 2.5 over the culture duration. In other words, highly methylated pectins were mainly produced during the fast-growth phase while the synthesis of non and lowmethylated pectins greatly increased during the maturation phase. Our results indicate that PMT7 is most able to catalyse methyl-transfer onto highly methylated pectins during the fast-growth phase, but also to a certain extent onto low-methylated pectins. Thus, its increasing activity as the DE of the pectic substrate increases could be responsible for the progressive methylesterification of pectins during the fast-growth phase. PMT7 activity was significantly reduced during the cell-maturation phase. Conversely, PMT5, catalyzing the transfer of methyl onto only lowmethylated pectins, might be responsible for the large increase of low-methylated pectins during the maturation phase (Schaumann et al. 1993) . Again, the purification of PMT7 and PMT5 is needed to determine whether there are different proteins with specific optimal pHs and pectic substrates and whether they share homologue sequences.
